A noninvasive microscopic method was used to assess the cell specificity of vasopressin binding within the heterogeneous collecting duct. The binding of a fluorescent vasopressin analog (1-desamino-8-rhodamine-L-lysine vasopressin) to cells of the microperfused rabbit cortical collecting tubule was visualized and quantitated with image-intensified video microscopy and digital image processing. Binding to the basolateral membranes of a subpopulation of cells could be detected within 1-2 min of addition of the fluorescent analog (10 nM) to the peritubular bath. Binding could be prevented or reversed by the addition of a 10-fold excess of the native hormone, which indicates that the fluorescent analog binds specifically to vasopressin receptors. The time course of binding paralleled and slightly preceded hyperpolarization of the lumen-negative transepithelial voltage, an electrical response that is also elicited by the native hormone. Double-label experiments in which the intercalated cell population was stained with fluorescein-labeled peanut lectin revealed that binding of the vasopressin analog was localized to the remaining cell type, the principal cell. Our results support the following conclusions. First, the principal cell constitutes the primary target cell for vasopressin in the rabbit cortical collecting tubule, although the intercalated cell may possess a limited number of receptors at a density below the detection limit of this optical approach. Second, computer-enhanced video microscopy is a powerful, noninvasive method for assessing the kinetics and spatial pattern of hormone binding.
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Vasopressin plays a major role in the maintenance of fluid and electrolyte balance in mammals through concerted actions on renal function, blood pressure, and the control of thirst. In the kidney this peptide hormone stimulates fluid reabsorption by increasing the water permeability of the epithelial cell layer that lines the collecting duct (1) . An impediment to studies of the cellular and molecular mechanisms of vasopressin action has been the lack of knowledge concerning the identity of the target cell(s) for this hormone. Two major cell types in the collecting duct have been identified: (i) the principal cells (2) , which account for 60-70% of the cells in the cortical collecting tubule and are characterized by extensive basilar membrane infoldings, and (ii) the intercalated cells, which generally contain a greater number of mitochondria and are rich in carbonic anhydrase (3, 4) . Both cell types undergo structural distortion (i.e., bulging into the lumen) upon stimulation offluid reabsorption by vasopressin (5, 6) , which suggests that both cell types mediate vasopressin-induced water reabsorption. However, these observations could be misleading due to the fact that adjacent principal and intercalated cells are structurally linked by means of tight junctions and desmosomes such that swelling and distortion of one cell type might be "shared" with adjacent hormone-unresponsive cells. This structural continuity between cell types may obscure important functional differences regarding their participation in vasopressin-induced water reabsorption.
The aim of the present study was to identify directly the target cell(s) for vasopressin by characterizing the distribution of vasopressin binding sites within the heterogeneous collecting duct. Image-intensified video microscopy and digital image processing techniques were used to directly visualize and quantitate that binding of a fluorescent vasopressin analog to individual cells of the isolated and perfused rabbit cortical collecting tubule. Principal and intercalated cells were distinguished using fluorescein-conjugated peanut lectin, which binds avidly to the apical cell surfaces of intercalated cells (7) . The results show that the microperfused collecting duct is functionally responsive to the fluorescent hormone analog and demonstrate that binding of the analog is localized to one cell type, the principal cell.
MATERIALS AND METHODS
Microperfusion of Isolated Collecting Ducts. Individual cortical collecting tubules were isolated and perfused as described (8) . Briefly, female New Zealand White rabbits (1-2 kg) that had been allowed free access to food and water were sacrificed by decapitation and the kidneys were removed. Segments of cortical collecting tubule (1-3 mm) were dissected freehand from saggital slices of kidney and transferred to a thermoregulated chamber mounted on the stage of an inverted microscope (Zeiss, . Each segment was cannulated by aspirating the free ends into glass holding pipets and then advancing a concentric perfusion pipet from one end -100 ,um into the lumen. The lumen was perfused with a Krebs-Ringer phosphate solution adjusted to pH 7.4, 290 mosM, and containing (in mM) 150 NaCl, 2.5 Na2HPO4/ NaH2PO4, 5 KCI, 1.2 MgSO4, and 1 CaC12. The peritubular bathing solution was a Krebs-Ringer bicarbonate solution preequilibrated with 95% 02/5% C02, adjusted to pH 7.4, 290 mosM, and containing (in mM) 115 NaCl, 25 NaHCO3, 1.2 Na2HPO4/NaH2PO4, 5 KCI, 1.2 MgSO4, 5.5 glucose, 1.0 CaC12, and 10 sodium acetate.
Following the cannulation procedure each tubule was incubated at 37°C for 30-45 min to ensure that the initially high water permeability of the freshly dissected collecting duct was dissipated and the sensitivity to vasopressin was maximal (9) . The temperature was then lowered to 22°C and maintained at that level for all experimental observations.
Computer-Enhanced Imaging of Microperfused Collecting Ducts. The inverted microscope (Zeiss, IM-35) used in these studies was fitted with the necessary optical elements for Abbreviations: rhoda-LVP, 1-desamino-8-rhodamine-L-lysine vasopressin; AVP, arginine vasopressin; SIT, silicon intensified target; DIC, differential interference-contrast. tTo whom reprint requests should be addressed.
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both epifluorescence microscopy and differential interference-contrast (DIC) microscopy. The Two fluorescent probes were used in this study. First, the fluorescent vasopressin analog 1-desamino-8-rhodamine-Llysine vasopressin (rhoda-LVP) was used to visualize vasopressin binding sites. In a previous study rhoda-LVP was shown to have antidiuretic, or vasopressin-like, activity as determined in an in vivo assay performed on water-loaded rats (ref. 10 ; see this reference for details on the synthesis of rhoda-LVP). Second, fluorescein-labeled peanut lectin (United States Biochemicals, Cleveland, OH) was added to the luminal perfusate (0.5-1.0 Ag/ml) to stain the apical surfaces of intercalated cells (7) . For most experiments the tubules were exposed to the lectin first so that fields containing both intercalated and principal cells could be preselected prior to addition of the rhoda-LVP. The lectin itself had no influence on the spatial pattern or time course of rhoda-LVP binding, as determined in experiments in which the lectin was added after exposure to rhoda-LVP. The filter sets used for exciting and visualizing rhoda-LVP and fluorescein-labeled peanut lectin were, respectively, the rhodamine (Zeiss 487712) and fluorescein (Zeiss 487717) filter sets that are standard for the Zeiss IM-35 microscope. Table 1 ). Thus, the higher fluorescence observed at the basal margins of the tubule relative to that emitted from rhoda-LVP in the peritubular solution was attributable to an accumulation (i.e., binding) of rhoda-LVP along the periphery of the collecting duct.
Considerable heterogeneity in the binding of rhoda-LVP to cells of the collecting duct can be seen in Fig. 1 c and d , which are computer-enhanced versions of the raw image depicted in Fig. lb. Fig. ic was obtained by subtracting from the raw image the average fluorescence intensity within the lumen of the tubule (operationally defined as "background" fluorescence). This "thresholding" procedure reveals several areas along the length of the tubule in which the intensity of the emitted fluorescence was no greater than the background fluorescence within the lumen. These "gaps" in rhoda-LVP binding are visible as well in for two separate scan lines, one of which transected a principal cell and the other of which transected an adjacent intercalated cell. Two features of this plot are noteworthy. First, the distribution of rhoda-LVP binding from base to apex of the principal cell is consistent with the findings of electron microscopic studies that indicate that the basal membrane of principal cells is highly infolded and can extend several microns into the cells (2) . Second, the intercalated cell showed negligible rhoda-LVP binding along the entire cell height. Because the basal membrane of the intercalated cell is considerably less infolded than that of the principal cell (2), any rhoda-LVP binding should be concentrated near the basal pole of the intercalated cell. Consequently, if intercalated cells possessed vasopressin receptors in numbers equivalent to that of principal cells, one would expect that the rhoda-LVP fluorescence would exhibit a very intense, sharp peak near the base of each intercalated cell. However, this was clearly not the case and the small increase in fluorescence at the basal margin of the intercalated cell probably represents in large part autofluorescence and nonspecific binding of rhoda-LVP that is unassociated with vasopressin receptors (vide infra).
This apparent cell specificity of rhoda-LVP binding was observed in each of five tubules, as summarized in Table 1 . The cell-associated fluorescence shown represents the difference between the mean pixel intensity associated with the basal pole of a given cell and the average intensity within the adjacent luminal compartment (i.e., background). In the absence of rhoda-LVP a very small, but detectable, autofluorescence was exhibited by both cell types. rhoda-LVP Proc. Natl. Acad. Sci. USA 84 (1987) Proc. Natl. Acad. Sci. USA 84 (1987) addition resulted in an ='10-fold increase in the average fluorescence of the basal pole of each principal cell, whereas the intercalated cell fluorescence exhibited a modest increase at best. Table 1 also indicates that the binding of rhoda-LVP to principal cells was specific for vasopressin receptors. Three tubules were exposed simultaneously to 10 nM rhoda-LVP and 100 nM AVP, the native hormone. Exposure to the excess AVP completely inhibited the fluorescence increase of principal cells that was elicited by exposure to rhoda-LVP alone. We also observed that the addition of excess AVP after exposure to rhoda-LVP resulted in a reversal of the rhoda-LVP binding to principal cells (unpublished observations). Transepithelial PD was measured as described (6) . rhoda-LVP fluorescence represents the mean cell-associated fluorescence determined for three principal cells, where cell-associated fluorescence was measured as described in the legend for Table 1 .
The apparent competition between rhoda-LVP and AVP for binding sites supports the notion that rhoda-LVP binds specifically and reversibly to vasopressin receptors in the collecting duct. § Table 1 The transepithelial voltage increased in the lumen-negative direction within 3 min after rhoda-LVP addition, a response that is also elicited by AVP and represents an increase in electrogenic Na reabsorption (11) . Note also that the voltage change was paralleled by and slightly preceded by the binding of rhoda-LVP to the principal cell population. In separate experiments in which single tubules were exposed to a lumen-to-bath osmotic gradient we also observed (with DIC microscopy) that rhoda-LVP induced the epithelial swelling and vacuolation characteristic of the structural response to AVP (unpublished observations).
The Principal Cell as the Target Cell for Vasopressin. Our results indicate that rhoda-LVP is a biologically active hormone analog that binds specifically and reversibly to vasopressin receptors that are localized to the basolateral membranes of principal cells. The marked cell specificity of vasopressin binding complements recent evidence that favors a division of labor between principal and intercalated cells. Na',K+-ATPase localization studies (12) and structural studies (13) indicate that the principal cell is the major cell type involved in transepithelial Na reabsorption. Recent structural studies have also provided evidence for a specific §Angiotensin 11(1 /iM) had no effect on rhoda-LVP binding, which indicates that the competition between rhoda-LVP and AVP was not due to a nonspecific interaction between peptide hormones. Intensity values represent cell-associated fluorescence-i.e., the difference between the mean intensity of a block of pixels (3 x 10 pixels; 1.2 x 4.0,um; oriented with long axis parallel to longitudinal axis of tubule) located at the basal pole of each cell and the mean intensity of an identically sized block located within the adjacent luminal compartment. Note that the data presented in the first two rows were derived from the same five tubules (before and after rhoda-LVP addition) and the data in the third row were derived from three separate experiments in which rhoda-LVP and arginine vasopressin (AVP) were added simultaneously. *P < 0.001 (unpaired t test). tp > 0.5 (unpaired t test). Data represent mean ± SEM. PC, principal cells; IC, intercalated cells.
role of the intercalated cell in H' and HCOj secretion (14) . ¶
The present results imply as well that vasopressin-mediated fluid reabsorption is effected primarily by one cell type, the principal cell. However, the possibility remains that the intercalated cell possesses vasopressin receptors at a density that is too low to be detected with this optical approach but that is sufficient nonetheless to allow this cell type to participate to some degree in hormone-activated fluid transport.
The distortion of intercalated cells that accompanies vasopressin-mediated fluid reabsorption may simply be a consequence of the fact that the two cell types are structurally linked through changes in the geometry and hydrostatic pressure of the surrounding lateral intercellular spaces. Specifically, in the presence of a lumen-to-bath osmotic gradient, vasopressin-induced water flow is accompanied by a marked dilation of the lateral spaces (5, 6) . This dilation likely represents fluid flowing through the hormone-responsive principal cells and into the lateral spaces, where it may then accumulate and distort the distensible cell membranes of the adjacent intercalated cells. This structural continuity between adjacent principal and intercalated cells clearly compromises any attempts to characterize the cell specificity of epithelial function that are based solely on changes in cell shape. lRecent evidence indicates that the intercalated cell population of the collecting duct is comprised of two subtypes (14) ; a HCO -secreting cell that normally constitutes 90-95% of the intercalated cells in the rabbit cortical collecting tubule and an acid-secreting cell. It is not clear whether peanut lectin binds to the acid-secreting cells (15) ; thus, the present findings do not exclude the possibility that this subtype of the intercalated cell is a target cell for vasopressin. However, we have preliminary evidence that argues against this possibility. Specifically, in each of two separate cortical collecting tubules we did note an individual cell that failed to stain either with rhoda-LVP or fluoresceinlabeled peanut lectin. This and all lectin-staining cells (but no others) did stain with sulfofluorescein diacetate, a lipophilic precursor of sulfofluorescein that is trapped within intercalated cells due presumably to the esterase activity of the carbonic anhydrase found in both types of intercalated cells (14) . We interpret this result to mean that there does exist within the cortical collecting tubule a minor subtype of intercalated cell that does not bind peanut lectin and that also lacks vasopressin binding sites.
Summary. We have used computer-enhanced imaging techniques to directly visualize and quantitate the binding of a fluorescent vasopressin analog to individual epithelial cells. This noninvasive optical approach has allowed the generation of spatial and temporal "maps" of hormone binding, maps that were used to correlate directly (in individual experiments) the kinetics, magnitude, and spatial pattern of binding with the physiologic effects of the hormone analog.
